Screening chemicals, fungicides, bactericides, soil amendments, and biological control organisms for control of soilborne plant pathogens is one of the most active research areas of plant pathology (1, 28, 33, 34) . Methods developed for screening control agents for soilborne pathogens include in vitro and in vivo assays (34) . In vitro assays include spore germination (11, 16) ; paper disk diffusion, agar diffusion, and radial growth rate on agar plates (11, 16, 17) ; and shake-flask, broth microdilution, and microtiter plate assays (2, 18, 22, 26, 29) . However, the results obtained by in vitro assays, mostly by agar plate assay procedures (16, 34) , sometimes correlate poorly with those of largescale in vivo assays in the greenhouse and field (11, 25) .
In vivo assays take into account soil interactions with control agents and better reflect the eventual effect of control agents on soilborne diseases under field conditions. In vivo assays include soil-pathogen system assays (27, 34) and soil-pathogen-plant system assays (17, 27, 34) . Soil-pathogenplant system assays are generally time consuming and laborious whereas soilpathogen system assays are rapid and easier. Therefore, soil-pathogen system assays are more suitable for rapidly screening control agents for soilborne pathogens in laboratories (5, 11, 22, 34, 39, 48) . However, most of the soil-pathogen system assays employ autoclaved or sterile soil instead of using nonsterile or natural soil because of contamination problems that affect the analysis of test results.
Autoclaving destroys or changes the physical, chemical, and biological properties of soil that affect the efficacy of a given control agent. Chemical control materials can undergo various changes in natural soil, including decomposition, which may enhance or reduce control of soilborne pathogens. In addition, control agents can be affected by numerous factors, including but not limited to soil temperature (6, 8) , aeration (24) , microbial populations, pH (8, 41, 43, 46) , organic matter (21, 24) , clay content (40) , cation exchange capacity (24) , and moisture (24, 39, 44, 45) .
Much effort has been put into developing tools to determine the efficacy of control agents in natural soil (16, 17, 26) . Target organisms can be detected in soil by use of selective media (14, 16, 23, 42) , burial and retrieval in nylon net bags (9), or polymerase chain reaction (PCR; 35,47) and immunoassays (1, 2, 12, 19, 20, 31, 32, 38) . However, there are limits to these assays. For example, PCR detects DNA from soil that may lead to the quantification of dead organisms, and selective media may not be available for target organisms or may be difficult or costly to prepare. Nylon net bag assays with selective media have been successfully used to determine the efficacy of chemicals and soil amendments on soilborne pathogens such as Phytophthora spp., Sclerotium cepivorum, and Verticillium dahlia in natural soil (4, 7, 8, 42) . This approach is most useful if selective media are available because microorganisms from soil can enter the bags through the pores. Thus, there is a need to develop assays that can rapidly and effectively determine the effect of chemicals added to soil on soilborne pathogens for which there are no selective media available.
In this article, we describe a nylon membrane bag (NMB) assay procedure which is different from nylon net bag assays in that small-pore (0.22-µm) nylon filtration membranes were used instead of large-pore (5-to 20-µm) nylon net. Using this NMB assay, various combinations of four chemicals (acetic acid, benomyl, streptomycin sulfate, and SPK [a proprietary mixture of organic chemicals]), two soils, and three soilborne pathogens (Streptomyces scabies, Ralstonia solanacearum, and Fusarium oxysporum f. sp. lycoper-sici) were tested. Assessment of pathogen survival from the NMB assay was performed using nonselective or semiselective media.
MATERIALS AND METHODS
Soils. Soil was collected at 0 to 15 cm of depth from a commercial potato field in Ontario, Canada (site G) and from a vegetable field in St. Lucie County, FL (site F). Site G soil was a sandy loam, Luvisolic, with a pH of 7.1 and organic carbon content of 12 kg -1 of soil. Site F soil was sandy, siliceous, hyperthermic, Arenic, Glossaqualf with a pH of 7.6 and organic carbon content of 9.06 g kg -1 of soil. Soils were air dried, passed through a 2-mm sieve, and stored at room temperature (24°C) prior to use. The water content of the soils was gravimetrically adjusted to 10% by adding deionized water before use. Then, the soils were weighed and treated with chemicals in the tests.
Preparation of S. scabies inoculum. An isolate of the soilborne plantpathogenic bacterium, S. scabies strain SP, isolated from soil in Ontario, Canada (9) was used in this study. Spores from 2-week-old cultures grown on yeast malt extract (YME) agar medium were scraped off of the plate into sterile deionized water. The spore suspension was passed through a glass-wool filter to remove any excess growth media and finally suspended in 30 ml of sterile deionized water to get a uniform concentration prior to use. The concentration of spores was estimated by measuring absorbance at 590 nm. Viability of spores after exposure to chemicals in G site soil was determined by culturing on semiselective Streptomyces medium (STR medium) (3, 9) .
Preparation of F. oxysporum f. sp. lycopersici inoculum. An isolate (no. 9602) of the soilborne plant-pathogenic fungus F. oxysporum f. sp. lycopersici race 3 (3), obtained from an infected tomato plant in a commercial production field in Saint Lucie County, FL, was used in this study. The culture of F. oxysporum f. sp. lycopersici race 3 was recovered from sterile soil tubes and grown on potato dextrose agar (PDA) medium (Difco Becton, Dickinson and Co., Sparks, MD) for 10 to 15 days. Agar plugs, consisting of a mixture of mycelia and spores of F. oxysporum f. sp. lycopersici race 3, were cut out of the cultures with a cork borer (1.0 cm in diameter). The culture plugs were completely dried by airflow in a Safeair class II safety cabinet for 12 to 24 h before use. The spore suspension, prepared by adding 15 ml of sterile deionized water to a culture plate and scraping off spores, was ready for use. The resulting spore suspension contained a mixture of micro-and macroconidia. The spore suspension was passed through a glass-wool filter to remove any excess growth medium and large pieces of mycelium. Uniform concentrations of spore suspension were used for all the treatments in each experiment. Viability of spores and mycelia after exposure to chemicals in F site soil was determined by culturing on PDA and treatments were compared with an untreated control (4) .
Preparation of R. solanacearum inoculum. An isolate of the soilborne plantpathogenic bacterium, R. solanacearum (race 1, biovar 1; tomato strain Rs5), isolated in Quincy, FL (36,37) was used in this study. R. solanacearum was grown at 28°C either on casamino acid peptone glucose (CPG) agar medium (10 g of peptone, 1 g of casamin acids, 2.5 g of dextrose, 15 g of agar, and 1 liter of deionized water) for 48 hours or in CPG broth on a shaker (200 rpm) for 18 h (overnight; 36). Bacterial cells from 18-h CPG-broth culture were diluted with sterile deionized water prior to use. The concentration of the cells in the suspension was estimated by measuring absorbance at 590 nm. Viability of R. solanacearum after exposure to chemicals in F site soil was determined by culturing on PDA.
Chemicals. Chemicals added to the soils included glacial acetic acid (99.8%, Fisher Scientific), a broad-spectrum antimicrobial chemical that can kill soilborne plant pathogens (10, 43) ; benomyl (Benlate 50% WP; DuPont, Wilmington, DE), a broad-spectrum systemic fungicide (13); streptomycin sulfate (Sigma-Aldrich, St. Louis), an aminoglycoside antibiotic for controlling bacterial diseases of crops (30); and SPK, a formulation of organic chemicals recently developed in our laboratory for controlling soilborne plant pathogens (Indian River Research and Education Center, University of Florida and United States Horticultural Research Laboratory, United States Department of AgricultureAgricultural Research Service, patent pending; details of the composition can be made available to other investigators upon signing nondisclosure letter). The NMB assay was used to test toxicity of acetic acid against S. scabies, benomyl against F. oxysporum f. sp. lycopersici race 3, streptomycin against R. solanacearum, and SPK against both F. oxysporum f. sp. lycopersici race 3 and R. solanacearum. The concentration of acetic acid used was 200 mM in the water component of the soil. To achieve this, 0.5 ml of acetic acid (4.2 M) was added to 99.5 g of soil, giving a final moisture content of 10%. The concentrations used were benomyl at 500, 1,000, and 1,500 mg kg -1 of soil; streptomycin sulfate at 200, 400, 800, and 1,500 mg kg -1 of soil; and SPK at 500, 1,000, and 1,500 mg kg Fig. 1A and B ). An electron bag sealer (Daigger Lab Supplies, Vernon Hills, IL) was used to seal a section of the folded nylon-membrane disk in a rectangular shape for a final size of 4 by 0.8 cm. One of the two short-side edges was left unsealed (open) for placement of the pathogen suspensions or plugs (Fig. 1C) .
NMB assay procedure. Effect of the various chemicals on S. scabies, F. oxysporum f. sp. lycopersici race 3, or R. solanacearum was determined by the NMB assay. Cell suspensions (200 µl) of S. scabies or R. solanacearum or air-dried culture plugs (consisting of mycelia and spores, 1 plug per bag) or spore suspensions (200 µl) of F. oxysporum f. sp. lycopersici race 3 were placed into NMBs (Fig. 1D ). Bags were completely sealed with dialysis closures (Fig. 1E ) and stored less than 3 h in a refrigerator at 10°C prior to use. The water content of the soils was adjusted to 10% by weight by adding deionized water before the soils were weighed into 77-by-77-by-97-mm tissue culture vessels (150 g of soil in each vessel; Magenta GA-7 vessels; Carolina Biological Supply Company, Burlington, NC). The chemical solutions (6 ml each) with different concentrations were added to the soil samples in the vessels and mixed well using a stainless steel spatula. Then, the NMBs containing the pathogen propagules were buried into soil in the vessels. The treated vessels were incubated in the lab at room temperature (mean 24°C) for 72 h (5). The NMBs were removed from the soil in the vessels after 72 h and rinsed for 3 min with tap water followed by 3 min with sterile water. Any soil particles or other debris attached to the NMBs were removed by brushing the bags with a soft brush during the rinse. The culture plugs of F. oxysporum f. sp. lycopersici race 3 in the bags were transferred with sterile forceps onto PDA medium under a NuAire biological safety cabinet (class II, type A/B3, model Nu-425-600; NuAire Inc., Plymouth, MN). The spores of S. scabies and F. oxysporum f. sp. lycopersici race 3 and cells of R. solanacearum were recovered by cutting the washed NMB into small pieces and placing them in sterile glass test tubes under the safety cabinet, then adding sterile water to resuspend the spores or cells. After a serial dilution in sterile deionized water, the spore suspensions of S. scabies were spread on STR medium (6) and spores of F. oxysporum f. sp. lycopersici race 3 and cells of R. solanacearum were spread on PDA plates. 1, untreated control or SPK at 2, 500; 3, 1,000; or 4, 1,500 mg kg -1 of soil. B, Growth of F. oxysporum f. sp. lycopersici race 3 from of spores in the treatments 1, untreated control or SPK at 2, 500; 3, 1,000; or 4, 1,500 mg kg -1 of soil. The plates were incubated at room temperature and examined after 3 and 7 days to determine the survival of the microbial propagules. The effectiveness of the chemicals on the pathogens was determined based on the viability of the pathogens. The experiments were conducted twice for the chemicals, pathogens, and soils. For S. scabies, three NMBs were placed into each of three vessels per treatment for each experiment. For F. oxysporum f. sp. lycopersici race 3 and R. solanacearum, there were three NMBs for each treatment in each experiment. The treatments, treated and untreated soil, and pathogen propagules in the experiment were randomized completely in the use of materials such as vessels and pathogen propagules prepared in nylon bags and the placement of vessel arrangement in incubation. The significant difference of the data was analyzed by a t test. Also, statistical regression analysis of data was conducted using SigmaPlot 10.0 (SPSS Inc., Richmond, CA).
RESULTS
Very little microbial contamination resulted from the NMB assay for the pathogens tested (Figs. 2, 3, and 4 ). Even on a nonselective medium such as PDA, few nontarget organisms were observed (Fig. 3) .
Effect of acetic acid on S. scabies in soil. A 72-h exposure of S. scabies to acetic acid in soil resulted in almost 100% mortality (Table 1 ; Fig. 2 ). Very little microbial contamination was observed on the agar medium (Fig. 2) (8) . S. scabies colonies grew from the control treatment and almost nothing grew from the acetic acid treatment.
Effect of SPK on F. oxysporum f. sp. lycopersici and R. solanacearum in soil. After a 72 h of incubation, SPK at the concentration of 1,500 mg kg -1 of soil killed 83.3% of F. oxysporum f. sp. lycopersici race 3 culture plugs ( Table 2) , 100% of F. oxysporum f. sp. lycopersici race 3 spores (Table 2) , and 97.2% of R. solanacearum cells (Table 3) in the NMBs placed in soil. SPK at 1,000 mg kg -1 of soil killed 50% of F. oxysporum f. sp. lycopersici race 3 culture plugs (Table 2) , 68.2% of F. oxysporum f. sp. lycopersici race 3 spores (Table 2) , and 12% of R. solanacearum (Table 3 ). SPK at 500 mg kg -1 did not kill F. oxysporum f. sp. lycopersici race 3 culture plugs or spores (Table 2) or R. solanacearum (Table 3 ). The effects of SPK concentrations on survival of F. oxysporum f. sp. lycopersici race 3 and R. solanacearum in soil were significant. The regression equation of F. oxysporum f. sp. lycopersici race 3 spore mortality (y) and the SPK concentration (x) was y = 3E -05x 2 + 0.0282x -4.975 (R 2 = 0.9334; P < 0.01), and the regression equation of R. solanacearum mortality (y) and the SPK concentration (x) was y = 8E -05x 2 -0.066x + 3.1875 (R 2 = 0.969; P ≤ 0.01).
Effect of benlate on F. oxysporum f. sp. lycopersici in soil. After 72 h of incubation, benlate at the concentrations of 500 to 1,500 mg kg -1 of soil reduced growth from but did not kill the culture plugs of F. oxysporum f. sp. lycopersici race 3 ( Table  2 ). The average colony diameter of F. oxysporum f. sp. lycopersici race 3 in untreated controls was 3.3 ± 0.4 cm, while those treated with 500, 1,000, and 1,500 mg kg -1 of soil were 2.3 ± 0.6, 2.3 ± 0.4, and 2.2 ± 0.4 cm, respectively (n = 6). Benlate killed spores of F. oxysporum f. sp. lycopersici race 3 in soil ( Table 2 ). The mortality of spores was 50.4% at 1,500 mg kg -1 of soil. Statistical analysis indicated that mycelium diameter and conidial survival differed between the control and benlate treatments (t test, P = 0.05) but not among the different benlate concentrations. The regression equation of the F. oxysporum f. sp. lycopersici race 3 spore mortality (y) and the benlate concentration (x) was y = -4E -05x 2 + 0.0897x + 1.035 (R 2 = 0.9873). Effect of streptomycin on R. solanacearum in soil. The toxicity of streptomycin on R. solanacearum increased with its concentration in soil after a 72-h exposure ( Table 3) . The highest mortality, 75.3%, of R. solanacearum occurred in the soil treated with streptomycin at 1,500 mg kg -1 of soil. The mortality of R. solanacearum among the control and treatments of streptomycin at concentrations ranging from 400 to 1,500 mg kg -1 of soil was significantly different (t test, P = 0.01) but not between the control and the treatment of streptomycin at the 200 mg kg -1 of soil concentration (P = 0.05). The regression equation of the R. solanacearum mortality (y) and the streptomycin concentration (x) in soil was y = 3E -05x 2 + 0.0068x + 0.318 (R 2 = 0.9927).
DISCUSSION
The new NMB assay can be used to rapidly and effectively determine the effect of chemicals added to soil on survival of soilborne plant pathogens. This assay consists of placing pathogens inside a bag made of small-pore (0.22-µm) nylon filtrate membrane which is placed in soil and later retrieved to determine survival of the pathogens on nonselective or semiselective media. A novel component of this assay is that chemicals but not microorganisms can enter the bag from the soil. S. scabies, F. 
Treatments
No. of colonies
Mortality (%)
Trial I Untreated 11,000 ± 1,400 … Acetic acid 27 ± 17 99.8 Trial II Untreated 33,000 ± 3,000 … Acetic acid 0.0 ± 0.0 100 a NMBs containing S. scabies were placed into vessels containing untreated soil or soil treated with acetic acid (200 mM in water component of soil). Soil was a sandy-loam soil from a commercial potato field in Ontario, Canada. Bags were removed after 72 h and plated onto Streptomyces medium. Number of colonies are means ± standard error (n = 9).
oxysporum f. sp. lycopersici race 3, and R. solanacearum were successfully recovered from soil after 72 h, as demonstrated by growth on a semiselective STR medium (S. scabies) or nonselective PDA medium with minimal microbial contamination. This assay was especially useful for testing the effect of chemicals on fungal mycelia in soil because the fungal mycelia (culture plugs) could be easily transferred onto nonselective media, such as the PDA used in this test, to determine viability. In this study, only nonselective PDA medium or semiselective STR media were used to determine the viability of pathogens after they were exposed to chemicals in soil. However, we believe that, if the NMB assay is combined with selective media, it may become an even more powerful and useful assay for testing the effect of control agents on different kinds of soilborne pathogens. This assay provides a tool that can be used in native, unpasteurized soils; thus, the test results may more closely reflect the efficacy of the control agents in the field. However, there are some factors that may affect the assay results. The NMBs must be checked for leakage after organisms are added and the bags are sealed. Leaking may cause contamination and affect test results. The second is the rinsing of NMBs. We found that rinsing the NMBs with running tap water and with sterile deionized water and brushing the surface of the bags with a soft brush during the rinse, then immediately placing the clean NMBs into sterile containers until they are opened under a safety cabinet, can reduce the risk of contamination.
Some of the results obtained by the NMB assay were different from previous reports. For example, benlate at concentrations ranging from 500 to 1,500 mg kg -1 of soil did not kill F. oxysporum f. sp. lycopersici race 3, and streptomycin at concentrations ranging from 200 to 1,500 mg kg -1 of soil did not completely kill R. solanacearum. Previous work using agar plate assays or field tests suggested that benlate is effective for control of Fusarium spp. (15) and streptomycin is deleterious to Ralstonia spp. (30) . The results obtained by in vitro assays in previous reports may not show the direct or indirect effects of the chemicals on the pathogens when applied to natural soil. The NMB assay may include direct effects of the test chemical and effects mediated by factors present in natural soil. The lack of effect may also be strain specific, because the baseline sensitivity of these isolates to the test materials was not characterized. Second, the results in our tests were obtained after a 72-h interaction between the control agents and pathogens in soil, whereas previous field tests were conducted over several months. Additionally, the membrane may affect the exposure of the pathogens to the chemicals in soil due to the small size of pores. The suitability of the NMB assay for testing effects of longer interactions between the chemicals and pathogens in soil is unknown.
Prior to this study, toxicity of acetic acid added to soil to had not been demonstrated for S. scabies. A previous study demonstrated with a nylon net bag assay that acetic acid kills V. dahliae in soil (10) . The results of the NMB assay confirmed that acetic acid can kill S. scabies in soil and may partially explain the fact that liquid swine manure, which contains acetic acid, can reduce potato scab caused by S. scabies (7) Although this NMB assay allows the study of interactions between chemicals in soil and pathogens, it cannot take into account potential interactions between the chemicals, microorganisms in soil but outside the bags, and pathogens in the bags. Sublethal doses of chemicals may not kill the pathogens but may stimulate or suppress the growth of other organisms which, in turn, could affect pathogen growth, survival, or ability to cause disease.
In summary, the NMB assay is a rapid, reliable, and effective assay for evaluating the effect of chemicals on soilborne pathogens in natural soil. The NMB assay can be used to investigate the interactions between soil properties and the efficacy of chemicals in the control of soilborne pathogens in soil. For example, the effect of moisture, temperature, pH, and concentrations of related specific elements on the efficacy of chemicals on soilborne pathogens can be examined using this assay. In addition, this assay can be used to determine the duration of chemical activity in soil in the laboratory. a NMBs containing of F. oxysporum f. sp. lycopersici were placed into vessels containing untreated soil or soil treated with benlate or SPK. Soil was a sandy, siliceous, hyperthermic, Arenic, Glossaqualf soil from a vegetable field in Florida. Bags were removed after 72 h and plated onto potato dextrose agar. Number of colonies are means ± standard error from two experiments (n = 6). 
